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Introduction

Ion channels are the membrane proteins underlying
the transmission of electrical signals and the trans-
duction of neurotransmitter signals in electrically
excitable cells. They can be divided into two major
classes: ligand-gated channels, such as the nicotinic
acetylcholine receptor, which respond to chemical
signals, and voltage-gated channels, such as the
voltage-sensitive sodium channel, which respond to
changes in membrane potential.

Since Hodgkin and Huxley [71] first described
the membrane conductance changes that accom-
pany the action potential in squid giant axons, every
known ion channel has been characterized initially
by a description of its electrical properties. Direct
electrical recording of membrane conductance
changes in response to chemical or electrical stimuli
is still the primary technique for discovering and
studying the function of ion channels. With the de-
velopment of more sophisticated recording tech-
niques, in particular the gigaohm-seal patch-clamp
method, the number of ion channels that have been
described has grown rapidly.

In addition to the voltage-dependent sodium
and potassium channels first identified in squid
axon, at least three other voltage-dependent potas-
sium channels have been described: the inward rec-
tifier potassium channel, the calcium-activated po-
tassium channel, and the fast “A channel.”
Voltage-dependent chloride channels, calcium-de-
pendent chloride channels, and cation channels as-
sociated with muscarinic acetylcholine receptors
have also been described. The most extensively
studied receptor-controlled ion channel is the nico-
tinic acetylcholine receptor-associated channel, but
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the number of receptor-associated channels that
have been identified is growing and includes ion
channels controlled by gamma aminobutyric acid
(GABA)!, glutamate, and glycine receptors. Hille
[70] has presented a comprehensive description of
the biophysical properties and functions of these
major classes of ion channel.

When the sodium and potassium permeability
changes that occur during an action potential were
first studied, the physical basis for these membrane
permeability changes was completely unknown.
The concept that ion channels are transmembrane
proteins capable of undergoing conformational
changes, resulting in the opening or closing of an
aqueous pore, is relatively recent. Although it is
now accepted that ion channel function is, in many
ways, analogous to enzyme function, detailed bio-
chemical information on channel structure is avail-
able for only a few channels. The primary amino-
acid sequences are known only for the nicotinic
acetylcholine receptor [35, 43, 104, 106-108, 133]
and the voltage-sensitive sodium channel [105]. The
subunit composition of the purified GABA receptor
has been determined [13, 131], but is has not been
conclusively shown that the purified receptor con-
tains the associated chloride channel. The calcium
antagonist receptor associated with the voltage-de-
pendent calcium channel has been partially purified
[20, 39, 56], but it is not yet known whether the
polypeptides identified as part of the drug receptor
site on the channel actually comprise the entire cal-
cium channel. For most ion channels, even those
for which detailed electrophysiological data have
been obtained, relatively little biochemical informa-
tion is available.

U Abbreviations: GABA, gamma aminobutyric acid; TTX,
tetrodotoxin; STX, saxitoxin; 1.qTx, Leiurus quinquestriatus
toxin; DEAE, diethylaminoethyl; T-tubule, transverse tubule;
SDS, sodium dodecyl sulfate; CHAPS, 3-[(3-cholamidopro-
pyl)dimethyl-ammonio)-1-propanesulfonic acid.
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Table 1. Neurotoxin receptor sites on the sodium channel

Site  Neurotoxins Physiological effect

1 Tetrodotoxin
Saxitoxin
2 Alkaloid toxins:
Veratridine
Batrachotoxin
Grayanotoxin
Aconitine
3 North African «
scorpion toxins:
Leiurus quinquestriatus
Androctonus australis
4 American 3 scorpion
toxins:
Centruroides suffusus
Tityus serrulatus

Inhibit ion transport

Cause sodium channels to
be persistently activated

Inhibit inactivation and
enhance the action of
alkaloid toxins

Enhance activation

The purpose of this review is threefold: first, to
describe the approach used to purify the voltage-
sensitive sodium channel and to compare the struc-
ture of the channel isolated from three different
sources; second, to summarize the recent progress
in isolating the voltage-dependent calcium channel;
and third, to describe briefly the genetic approaches
that are being used to identify the polypeptide com-
ponents of potassium channels. It is appropriate to
mention that the nicotinic acetylcholine receptor
was the first receptor/ion channel complex to be
purified to homogeneity, reconstituted in a com-
pletely functional form, and sequenced by identify-
ing and sequencing the DNA coding for the receptor
polypeptides. The biochemical techniques devel-
oped to study the acetylcholine receptor have facili-
tated the development of methods for purifying
other ion channels. However, since these results
have already been extensively reviewed [8, 36, 81,
89, 103, 112], the biochemistry of the acetylcholine
receptor will not be included in this review.

Key Words ion channels - excitable membranes - sodium

channel - calcium channel - reconstitution

Neuwrotoxin Probes
for the Voltage-Dependent Sodium Channel

Identification of the sodium channel polypeptides in
intact cells and in membrane preparations has been
made possible by the existence of four major classes
of neurotoxin (Table 1) that interact specifically
with four separate sites on the channel [for reviews
see 1, 29, 30, 101]. The first group of toxins, tetro-
dotoxin (TTX) and saxitoxin (STX), bind to an ex-
ternal site on the sodium channel and completely
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block ion movement through the channel {69, 85,
100, 102]. Both of these toxins can be labeled to a
high specific activity with tritium [115]. Labeled
STX and TTX bind competitively to a single high-
affinity site on the sodium channel, with dissocia-
tion constants in the nanomolar range. Because
TTX and STX bind to the channel very selectively,
they have been particularly useful for isolating the
sodium channel from membrane preparations.

The second class of toxins that interact with the
sodium channel are the alkaloid toxins, a group of
lipid-soluble compounds, including veratridine and
batrachotoxin, that bind to a second site on the so-
dium channel. The alkaloid toxins block sodium
channel inactivation and shift the voltage depen-
dence of activation, allowing the channel to activate
at the resting potential and remain in the activated
state even after prolonged depolarization [6, 147].
These toxins provide a biochemical means for acti-
vating the sodium channel at the resting membrane
potential. Using the alkaloid toxins to activate so-
dium channels, assays have been developed to mea-
sure 2Na* fluxes through the channel [25, 26, 32].
This has been a valuable technique for studying so-
dium channel function in preparations that cannot
be voltage-clamped, such as synaptosomes [138].

The third major class of toxins are the polypep-
tide toxins isolated from North African scorpion
venoms (alpha scorpion toxins) and from sea anem-
ones. These toxins bind to a third site on the chan-
nel, blocking inactivation [116-118]. A toxin iso-
lated from the scorpion Leiurus quinquestriatus
(LqTx), which can be labeled with 121 [27], binds to
the channel in a voltage-dependent manner [27, 28,
33]. LqTx binding to the sodium channel provides a
sensitive biochemical probe for voltage-dependent
conformational changes in channel structure.

The beta scorpion toxins, isolated from Ameri-
can scorpion venoms, comprise the fourth major
class of neurotoxin. These toxins bind to a fourth
site on the sodium channel, distinct from the alpha
scorpion toxin binding site, and alter the activation
kinetics of the channel [11, 22, 37, 150]. Beta scor-
pion toxins have been used in photoaffinity labeling
experiments [41] to identify sodium channel poly-
peptides, and as probes for the solubilized sodium
channel [12, 110].

Identification of Rat Brain Sodium Channel
Polypeptides by Photoaffinity Labeling
with a Photoreactive Scorpion Toxin Derivative

The first approach used to identify the sodium chan-
nel subunits from rat brain was to prepare a photo-
reactive derivative of the alpha scorpion toxin
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LqTx [15]. 1%]-labeled azidonitrobenzoyl-LqTx la-
bels two polypeptides in rat brain synaptosomes,
one with a molecular weight of 260,000 and a
smaller polypeptide with a molecular weight of
about 32,000 (Fig. 1). The covalent incorporation of
125]-azidonitrobenzoyl-LqTx into both of these
membrane polypeptides was blocked when the la-
beling procedure was carried out in the presence of
excess unlabeled LqTx or sea anemone toxin. La-
beling was also blocked by depolarizing the syn-
aptosomes, which blocks high-affinity binding of
LqTx to the sodium channel. This experiment pro-
vided the first evidence that two polypeptides are
closely associated with the alpha scorpion toxin
binding site on the mammalian brain sodium chan-
nel. However, since LqTx does not bind to the so-
dium channel in disrupted or solubilized membrane
preparations [31], its usefulness as a ligand for puri-
fying the sodium channel is limited.

Solubilization and Stabilization
of the Voltage-Sensitive Sodium Channel

Henderson and Wang [68], followed by Benzer and
Raftery [16], were the first to show that TTX bind-
ing activity is retained when axonal membranes are
solubilized with a nonionic detergent. Although it
was immediately recognized that *H-TTX could be
used as a probe for the detergent-solubilized sodium
channel during purification procedures, the instabil-
ity of the solubilized binding activity proved to be a
difficult obstacle to initial purification attempts.
Conditions for stabilizing the solubilized TTX bind-
ing protein were first established by Agnew and Raf-
tery [4]. They found that the TTX binding compo-
nent of the electric eel sodium channel, solubilized
in Lubrol-PX, is stabilized by the addition of exoge-
nous phospholipid. It was subsequently shown that
the stability of the solubilized TTX binding activity
from rat brain [62] and rat skeletal muscle [10] also
depends on the addition of exogenous lipid, and can
be improved by including Ca?*.

Purification and Subunit Composition
of the Sodium Channel from Rat Brain

Hartshorne and Catterall {62, 63], using conditicns
to optimize the stability of STX binding activity in
Triton X-100 extracts, developed a procedure for
purifying the sodium channel from rat brain. The
solubilized STX receptor has a molecular weight of
316,000, determined by sucrose gradient sedimenta-
tion [64]. Assuming one mole of STX binds to one
mole of sodium channel, the maximum theoretical
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Fig. 1. Labeling of sodium channel polypeptides by a photoreac-
tive derivative of scorpion toxin. Intact synaptosomes were incu-
bated with 2 nmM '»l-azidonitrobenzoyl-LqTx, which was acti-
vated by irradiation with ultraviolet light. The labeling was car-
ried out in the presence of 1 umM TTX (Lane 1); 1 uMm TTX and
1 uM batrachotoxin (Lane 2); 1 uM TTX and 200 nM unlabeled
LqTx (Lane 3); 1 um TTX, | uM batrachotoxin, and 200 nm
unlabeled LqTx (Lane 4); 135 mm KCI, | pM TTX, and 1 um
batrachotoxin (Lane 5); and 135 mm KCl, 1 uM TTX, 1 um
batrachotoxin, and 200 nM unlabeled LqTx (Lane 6). Samples
were analyzed by SDS polyacrylamide gel electrophoresis and
autoradiography. Total synaptosomal membrane proteins,
stained with Coomassie blue, are shown in the far left. (Re-
printed from Beneski and Catterall [15])

specific STX binding activity for pure sodium chan-
nel is 3200 pmol STX bound per mg of membrane
protein, corresponding to a 1000-fold purification
from rat brain membranes. Specific activities of
2910 pmol STX bound per mg protein, representing
a preparation that is greater than 90% pure, are ob-
tained by purifying the solubilized STX binding ac-
tivity through four steps: sequential chromatogra-
phy on DEAE-Sephadex, hydroxylapatite, and
wheat germ agglutinin-Sepharose, followed by su-
crose gradient sedimentation [63].

Three polypeptide subunits, « (mol wt =
260,000), B1 (mol wt = 39,000), and B2 (mol wt =
37,000), comigrate with STX binding activity
throughout this procedure. On silver-stained SDS-
polyacrylamide gels, «, 81, and 82 account for
more than 90% of the total staining intensity. The
subunit composition of the purified rat brain sodium
channel is shown in Fig. 2. The smaller of the two 8
subunits, B2, is covalently attached to the « subunit
by disulfide bonds [67]. The 81 subunit, which is
associated with the « subunit by noncovalent inter-
actions, corresponds to the smaller of the two poly-
peptides specifically labeled by photoreactive deriv-
atives of LqTx [15, 67, 130]. A polypeptide with a
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Fig. 2. Subunit composition of the purified rat brain sodium
channel. Purified sodium channel from a sucrose gradient frac-
tion was analyzed by SDS polyacrylamide gel electrophoresis.
The alpha and beta subunits were visualized by silver staining

molecular weight identical to that of 81 is also la-
beled by a photoreactive derivative of Centruroides
suffusus scorpion toxin [41].

Barhanin et al. [12], using a purification proce-
dure almost identical to that of Hartshorne and Cat-
terall [62], isolated the rat brain sodium channel by
prelabeling it with Tityus serrulatus toxin. Tityus
serrulatus toxin is a beta scorpion toxin that binds
to a site distinct from the LqTx binding site. A sin-
gle large polypeptide (mol wt = 270,000) comigrated
with Tityus serrulatus scorpion toxin binding activ-
ity. This polypeptide is presumably identical to the
large o« subunit covalently labeled by '’I-azidonitro-
benzoyl-LqTx [15] and subsequently identified by
Hartshorne and Catterall [62, 63] as part of the puri-
fied STX receptor. In partially purified preparations
from rat brain, Barhanin et al. [12] did not observe
any subunits corresponding to the 81 and 82 sub-
units identified by Hartshorne and Catterall. The
reason for this discrepancy has not yet been es-
tablished.

Polypeptide Composition of the Sodium Channel
Isolated from Rat Skeletal Muscle

Barchi et al. [10] have solubilized the STX bind-
ing site from rat sarcolemmal membranes with
Nonidet P-40. The STX binding activity was puri-
fied by ion exchange chromatography on a guanidi-
nium resin, followed by chromatography on wheat
germ agglutinin-Sepharose. In the initial study the
sarcolemmal sodium channel was reported to con-
sist of three peptides with molecular weights of
53,000, 60,000 and 64,000. However, in subsequent
studies, sucrose gradient sedimentation has been in-
cluded as the final step in the purification [9, 151],
and proteolysis has been limited by the inclusion of
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protease inhibitors throughout the procedure. In the
more recent studies, the purified sarcolemmal so-
dium channel, which has a specific activity of 2500
pmol STX bound per mg of protein, is reported to
contain a large subunit with a molecular weight of
260,000, a smaller subunit with a molecular weight
of 45,000, and a doublet at 38,000 [9, 24].

Polypeptide Composition
of the Electric Eel Sodium Channel

The electric organ of Electrophorus electricus con-
tains a high density of sodium channels, providing
an excellent source of sodium channels for purifica-
tion. Using three purification steps, ion exchange
chromatography followed by two gel filtration
steps, Agnew et al. [2] reported substantial purifica-
tion of the TTX binding component solubilized from
eel electroplax with the nonionic detergent Lubrol-
PX. Of the three peptides that consistently ap-
peared in this partially purified preparation, only a
single large polypeptide with a molecular weight of
260,000 comigrated with TTX binding activity [3].
This molecular weight was consistent with a size of
230,000 for the TTX binding site, which had been
estimated from radiation inactivation studies [87].
In a subsequent study Miller et al. {95] reported that
highly purified preparations of the TTX binding pro-
tein, with a specific activity of greater than 2000
pmol TTX bound per mg protein, contain only a
single large polypeptide (mol wt = 260,000). This
large polypeptide is analogous to the large « subunit
of the purified rat brain sodium channel and to the
large subunit of the muscle sodium channel. There
is no evidence that the eel channel contains any
smaller subunits, and recent reconstitution studies
suggest that the single 260,000 dalton polypeptide
from eel represents a fully active sodium channel
[119, 120].

Norman et al. [110], using Tityus serrulatus
scorpion toxin to label the sodium channel, have
also isolated the sodium channel from cel elec-
troplax. The purified Tityus toxin binding activity
contained a single large polypeptide (mol wt =
270,000), presumably identical to the TTX binding
component isolated by Agnew et al. |2, 3, 95]. This
result suggested that the 260,000 polypeptide from
eel contains the binding sites for both TTX and the
beta scorpion toxins.

Polypeptide Composition
of the Sodium Channel from Chick Heart

Lombet and Lazdunski [90] have purified the so-
dium channel from chick cardiac sarcolemma, using
Tityus serrulatus toxin and a TTX derivative to la-
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bel the solubilized channel. The purified channel,
which had a specific activity of about 1200 pmol
TTX bound per mg protein, consisted of a single
large polypeptide with a molecular weight of
230,000 to 270,000. The subunit compositions of
the sodium channels isolated from electric eel, rat
brain, rat skeletal muscle, and chick cardiac muscle
are summarized in Table 2.

Reconstitution of the Purified Sodium Channel

When the sodium channel is solubilized from the
membrane, it retains STX and TTX binding activ-
ity, but it does not bind the alkaloid neurotoxins or
the alpha scorpion toxins. In the absence of an in-
tact membrane, Na™ transport through the channel
cannot be used to measure channel function. High-
affinity reversible STX and TTX binding have been
used to identify the solubilized sodium channel and
to develop the purification protocols described [2,
3,9, 10, 62, 63]. More recently, the sodium channel
has been purified by prelabeling the channel with
Tityus serrulatus toxin, a beta scorpion toxin with
an extremely slow dissociation rate, prior to solubi-
lization [12, 90, 110]. However, in all of these stud-
ies specific TTX (STX) binding activity has been the
primary criterion for estimating the purity of the
channel. In the initial purification studies, the poly-
peptides which comigrated with TTX binding activ-
ity were referred to as the ““‘TTX-binding com-
ponent” or the ““STX receptor” of the sodium
channel, because it was not known whether the iso-
lated subunits actually represented the entire so-
dium channel, or whether they represented only the
TTX/STX receptor site on the channel. In order to
prove that the purified components represented the
entire sodium channel, it was necessary to show
that complete sodium channel function could be re-
covered when the isolated polypeptides were recon-
stituted into an intact membrane.
Toxin-stimulated ion transport through the so-
dium channel has been reconstituted from crude
preparations in which lobster nerve membrane frag-
ments [149] or cholate extracts of brain membrane
(S8, 92] were incorporated into lipid vesicles.
Tamkun and Catterall [137] successfully reconsti-
tuted toxin binding and action at three neurotoxin
binding sites, as well as toxin-stimulated sodium
transport, from unpurified cholate-solubilized rat
brain sodium channel. Although the sodium channel
used in these studies was not purified, this series of
experiments demonstrated that sodium channel
function was not irreversibly denatured when the
channel was solubilized from the membrane.
Partially purified sodium channel preparations
from rat muscle [151] and rat brain [134] have been
reconstituted by adding excess phospholipid to the
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Table 2. Subunit composition of sodium channels from electric
eel, rat brain, rat skeletal muscle, and chick cardiac muscle

Tissue Subunit composition References

Electric eel
Rat brain

mol wt = 260,000
mol wt (native channel) =
316,000
mol wt (subunits) =
260,000
39,000
37,000
mol wt (native channel) =  [9]
314,00
mol wt (subunits) =
260,000
45,000
38,000
mol wt = 260,000 [90]

[3, 95, 105]
[62, 63]

Rat skeletal muscle

Chick cardiac
muscle

solubilized channel preparation, then removing the
detergent by adsorption to polystyrene beads. This
procedure yields fairly large (100 to 200 nm diame-
ter) unilamellar vesicles with sufficient internal vol-
ume to permit the measurement of radioisotope up-
take and efflux by a simple biochemical assay.
The partially purified rat skeletal muscle so-
dium channel, reconstituted into egg phosphatidyl-
choline, transports ?Na* in response to alkaloid
toxin activation [151]. The concentrations of ba-
trachotoxin and veratridine required for half-maxi-
mal stimulation of 22Na* uptake are comparable to
those determined for synaptosomes [138] and neu-
roblastoma cells [25]. Labeled STX binds to a single
high-affinity site on the reconstituted sarcolemmal
channel, and STX blocks toxin-activated ?Na* flux
through the channel. In a more recent study Tanaka
et al. [140], using a rapid quenched-flow technique,
showed that the reconstituted sarcolemmal sodium
channel transports cations with the same selectivity
that is characteristic of the channel in intact cells.
Talvenheimo et al. [134] have shown that par-
tially purified rat brain sodium channels, recon-
stituted into egg phosphotidylcholine vesicles,
transport Na® in response to veratridine or
batrachotoxin activation and bind STX with a disso-
ciation constant of 3 nM, identical to the K, for STX
binding to synaptosomes. The temperature stability
of STX binding is also completely restored follow-
ing reconstitution of the sodium channel into vesi-
cles. Toxin-stimulated 2Na* flax through the brain
channel is blocked by TTX and by the local anes-
thetic tetracaine. In subsequent experiments using
highly purified sodium channels, Tamkun et al.
[139] demonstrated that the reconstituted rat brain
sodium channel also displays normal cation selec-
tivity (Fig. 3). The permeability ratio Pn,/Pro/Pcs
calculated for the toxin-activated reconstituted
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Fig. 3. Cation selectivity of the purified reconstituted sodium
channel from rat brain. 2Na*, #Rb*, and "’Cs* uptake were
measured in the presence of 100 uM veratridine. Samples in 67.5
mM Na,SO, were diluted into Na*-free medium containing the
radioactive tracer at time zero, incubated at 37°C for the indi-
cated time, then assayed for isotope uptake by a cation exchange
resin assay [134, 139]. (4) The ratio of internal isotope concen-
tration at time 7, ([X*],), to the maximum steady-state isotope
concentration predicted for the measured membrane potential
(IX*]) is plotted versus time. (B) The uptake data from (A)
are plotted on semilogarithmic coordinates. (Reprinted from
Tamkun et al. [139])

channel agrees well with the values determined for
the toxin-activated channel in frog node of Ranvier
[82] and in neuroblastoma cells [75]. These reconsti-
tution studies demonstrated that the STX receptors
isolated from both rat brain and rat skeletal muscle
contain the protein components required for alka-
loid toxin action, ion transport, and local anesthetic
binding, in addition to the TTX/STX binding site
[134-136, 139, 140, 151].

Tamkun et al. [139] have also provided quanti-
tative evidence that the highly purified STX recep-
tor from rat brain, consisting of three subunits, rep-
resents a completely functional sodium channel. By
using rat brain STX receptor preparations estimated
to be greater than 90% pure, and reconstituting at a
low channel-per-vesicle ratio, it was estimated that
30 to 70% of the reconstituted STX receptors ex-
hibited the properties of native sodium channels,
including cation-selective transport, activation by
veratridine, and block by TTX, STX and tetracaine.
Moreover, the highly purified brain sodium channel
also binds the alpha scorpion toxin LqTx when re-
constituted into an appropriate lipid environment
[47, 48, 139]. These experiments demonstrated that
the a, B1, and 82 polypeptides in purified rat brain
STX receptor preparations are sufficient for the re-
constitution of sodium channel function, since the
observed activity could not be attributed to minor
contaminants in the purified preparations.

TTX-sensitive neurotoxin-activated ion trans-
port and heat-stable TTX binding activity have also

J.A. Talvenheimo: Purification of Ion Channels

been reconstituted from the partially purified eel
electroplax sodium channel [119]. ?Na* transport
through the reconstituted eel channel is blocked by
TTX and by local anesthetics. Since the preparation
consists primarily of a single 260,000 dalton poly-
peptide, these results suggest that the alkaloid toxin
binding site, the local anesthetic binding site, the
ion-translocating pore, and the TTX binding site all
reside on a single polypeptide.

The biochemical assays used to assess the func-
tion of the reconstituted sodium channel have
yielded substantial information regarding the func-
tional state of the purified channel. However, in
order to measure the voltage-dependent behavior of
the purified channel on a physiological time-scale,
electrophysiological techniques are required. Two
different approaches have been used. The purified
rat brain sodium channel has been incorporated into
planar lipid bilayers [61, 65, 66], while the purified
eel sodium channel has been incorporated into vesi-
cles which permit patch-clamp recording [120].

Rosenberg et al. [120] recorded single-channel
events from vesicles containing purified eel sodium
channels. Channel openings were observed in the
presence and in the absence of batrachotoxin. Al-
though the TTX-sensitivity and voltage dependence
of these events were not rigorously tested, the ion
selectivity, the magnitude of the single-channel con-
ductances, and the channel mean open times were
consistent with the single-channel properties re-
ported for sodium channels from other cell types
[7, 72,73, 132]. However, the frequency of success-
ful recordings of single sodium channels by this
method is low.

The incorporation of partially purified rat brain
sodium channels into planar lipid bilayers was first
reported by Hanke et al. [61], who recorded two
types of channel event. The first type of channel
event exhibited a conductance comparable to val-
ues reported for the synaptosomal sodium channel
[85], and was selective for Na'*. However, this
channel type also displayed bursting behavior,
which is not characteristic of sodium channels, and
its sensitivity to TTX was not thoroughly tested.
The second type of channel event described by
Hanke et al. [61] had a much larger conductance
than any value reported for sodium channels in in-
tact cells, exhibited little selectivity for Na*, and
was not blocked rapidly by TTX. Moreover, both
classes of channels were activated by hyperpolar-
ization, in contrast to native sodium channels. Al-
though Hanke et al. suggest that this anomalous
behavior may be due to the bilayer composition, it
is clear that the channel events they observed can-
not be attributed to sodium channels without further
investigation.
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Hartshorne et al. [66], using a method similar to
that of Krueger et al. [85], have successfully incor-
porated purified rat brain sodium channels into pla-
nar lipid bilayers and characterized the neurotoxin
sensitivity, ion selectivity, and voltage dependence
of the purified sodium channel under voltage-clamp
conditions. The opening of batrochotoxin-activated
purified sodium channels was strongly voltage de-
pendent. Hartshorne et al. [66] also demonstrated
that the purified sodium channels are reversibly
blocked by low concentrations of TTX, exhibiting
the same voltage dependence for TTX block that
has been observed for native rat brain sodium chan-
nels in planar bilayers [53]. Opening and closing of
single purified sodium channels, and rapid block by
TTX, are illustrated in Fig. 4. The purified sodium
channel displayed a single-channel conductance
and cation selectivity that agree with values deter-
mined for the native sodium channel [76, 85]. These
results indicated that the purified rat brain sodium
channel contains a functional voltage-sensing mech-
anism in addition to the alkaloid toxin binding site,
TTX/STX binding site, scorpion toxin binding site,
and ion-conducting pore.

Chemical Analysis of the Purified Sodium Channel

The solubilized sodium channels from rat sarco-
lemma [10], rat brain [62], and eel [97] bind to lectin
affinity columns, indicating that the channel iso-
lated from all three sources is glycosylated. Labeled
lectins bind to the large subunit of the sarcolemmal
sodium channel, but not to the smaller subunits sep-
arated on SDS-polyacrylamide gels [9]. In contrast,
labeled wheat germ agglutinin binds to all three sub-
units of the brain sodium channel on SDS-poly-
acrylamide gels,? suggesting that a portion of each
subunit is exposed at the extracellular surface. This
finding also indicates that the small subunits ob-
served in the rat muscle channel preparations are
not analogous to the subunits of the isolated rat
brain sodium channel.

Because it has been possible to purify milligram
amounts of the eel sodium channel, the most exten-
sive chemical analysis has been carried out on this
preparation. Miller et al. [95] determined the amino
acid and carbohydrate composition of the purified
eel sodium channel. Perhaps the most striking result
of this analysis is that the sodium channel contains
29.5% carbohydrate by weight, which may contrib-
ute to its unusually high electrophoretic mobility on
SDS-polyacrylamide gels.

2 D.J. Messner and W.A. Catterall, unpublished results.
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Fig. 4. Opening and closing of purified rat brain sodium channels
reconstituted into a planar lipid bilayer. Sodium channels puri-
fied from rat brain were incorporated into planar lipid bilayers
formed from a mixture of phosphatidylethanolamine and phos-
phatidylcholine. Single sodium channel currents, activated by 2
M batrachotoxin, were recorded at —70 mV in the presence of a
0.5 M/0.2 M NaCl gradient. Channel opening was abolished by 3
puM TTX [63, 64]. (Reprinted from Hartshorne et al. [65])

Primary Sequence
of the Purified Sodium Channel from Eel

Recently, Noda et al. [105] have deduced the entire
amino-acid sequence of the electric eel sodium
channel by cloning the DNA complementary to the
mRNA encoding the channel, then sequencing the
cloned cDNA. Noda et al. prepared a library of
¢DNA clones using poly(A)-RNA from eel electro-
plax as a template, and screened the expressed
products of the library with antibodies to the puri-
fied eel channel. Using partial sequence information
obtained from tryptic fragments of the purified so-
dium channel, Noda et al. [105] prepared a syn-
thetic oligonucleotide probe containing a mixture of
all possible cDNA sequences predicted for the pen-
tapeptide Thr-Phe-Phe-Glu-Pro. The immunologi-
cally positive clones were isolated and tested for
hybridization with the synthetic probe. One cDNA
clone coding for a partial sequence of the channel
was identified by hybridization with the oligonu-
cleotide probe. The immunologically positive
cDNA clones were also tested for hybridization
with total eel RN A, which resulted in the identifica-
tion of a second clone containing part of the cDNA
sequence for the sodium channel protein. Together
these cDNA clones were used to isolate additional
cDNA clones encoding partial sequences for the so-
dium channel. A 7230-nucleotide sequence coding
for the entire sodium channel protein was identified
and sequenced using this approach.

The eel sodium channel protein contains 1820
amino-acid residues, for a total protein molecular
weight of 208,321. Since carbohydrate accounts for
29.5% of the channel by weight, the predicted mo-
lecular weight of the glycosylated channel (295,491)
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agrees very well with the previously reported mo-
lecular weight [3, 87, 95]. The amino-acid composi-
tion of the channel also agrees quite well with the
composition reported by Miller et al. [95]. The
channel contains ten asparagine residues that are
potential N-glycosylation sites. Noda et al. [105]
identified four repeated units within the sodium
channel sequence, each consisting of approximately
260 amino acids, which exhibit extensive homol-
ogy. They also analyzed the sequence for hy-
drophobic regions long enough to traverse the
membrane, and reported that each of the four
homologous units contains five such hydrophobic
segments. Based on the analysis of hydrophobicity
and predicted secondary structure, Noda et al. pro-
posed that each of the four homologous units tra-
verses the membrane four times, each unit contrib-
uting to the formation of the ion channel. Both the
amino terminal and the carboxyl terminal are on the
cytoplasmic side of the membrane in this model, a
prediction that can be tested experimentally. The
channel sequence contains four segments of nega-
tively charged amino acids, including one highly un-
usual segment of nine sequential glutamic acids.
Noda et al. have tentatively assigned the sequence
of four negatively charged segments, located be-
tween the second and third homology units, to the
cytoplasmic side of the membrane, and suggest that
these segments may be involved in channel gating.
Although this model may require modifications as
more topological information becomes available
from chemical and immunological studies, it is a
very attractive one, and will provide the theoretical
basis for future experimentation.

Future Directions for Sodium Channel Research

The ultimate objectives of ion channel purification
are to define the molecular structure of the channel
and to correlate structure with function. Using a
combination of biophysical techniques, conven-
tional purification methods, reconstitution studies,
and recombinant DNA techniques, a substantial
amount of progress has been made toward defining
the molecular structure of the sodium channel. A
large number of questions remain, however, regard-
ing channel function at the molecular level. Infor-
mation about the primary structure of the sodium
channel will render some of these questions more
accessible to experimental solutions.

The primary sequences of mammalian sodium
channels are expected to be very similar, but not
identical, to that of the electric eel sodium channel,
because the channels share very similar biochem-
ical and electrophysiological characteristics. Once
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this sequence information is obtained for the mam-
malian sodium channel, it will be possible to com-
pare objectively the compositions of sodium chan-
nels from different tissues, as well as from different
species. The immunological differences that have
been observed [54, 152] among sodium channels
isolated from different sources can probably be at-
tributed at least in part to differences in the primary
structure of the channels.

Using the technique of site-directed mutagene-
sis, in which single amino-acid substitutions at de-
fined locations in the polypeptide chain are gener-
ated, the function of specific regions of the channel
polypeptides can be defined. This approach will be
useful for determining which parts of the molecule
are involved in voltage-dependent gating, ion selec-
tivity, activation and inactivation. Neurotoxin and
drug binding sites on the channel can be identified
by specific labeling studies in conjunction with se-
quencing data. Antibodies directed against specific
peptide sequences can provide information about
the location of these sequences with respect to the
membrane. In addition to the mapping of specific
functions to each segment of the sodium channel
protein, the processes of channel biosynthesis,
post-translational processing, and regulation of
channel synthesis can be explored more easily using
the information about channel structure that has
emerged from purification studies. As more specific
antibodies directed against defined portions of the
sodium channel become available, along with
probes for the mRNA encoding the channel, rapid
progress can be expected in these areas.

Purification
of the Voltage-Sensitive Calcium Channel

Voltage-sensitive calcium channels play a critical
role in neurotransmitter release, generation of the
cardiac action potential and excitation-contraction
coupling [for reviews see 60, 84, 93, 145]. Biochem-
ical characterization of the calcium channel has
been facilitated by the development of an important
group of drugs that block calcium channels. Using
these drugs, a drug receptor site associated with the
voltage-dependent calcium channel has recently
been substantially purified.

Calcium channel blockers or ‘‘calcium antago-
nists’’ are a diverse group of compounds that act at
two separate sites on the voltage-dependent cal-
cium channel [98, 121, 155]. The dihydropyridines,
which include nitrendipine and nifedipine, bind to a
high-affinity site associated with the channel and
can either block [34, 86, 144] or activate the channel
[55, 128]. Verapamil and diltiazem bind to a second
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site with lower affinity. Both verapamil and dil-
tiazem block ion flux through the channel, but they
have different allosteric effects on dihydropyridine
binding. Verapamil allosterically inhibits labeled ni-
trendipine binding, while diltiazem enhances nitren-
dipine binding. The sites at which these two classes
of drug act have been termed the ‘‘calcium antago-
nist receptor’” [5, 86].

The approaches used to identify and isolate the
polypeptide components of the calcium channel are
very similar to those used for the sodium channel.
The specific binding of labeled dihydropyridines, in
particular *H-nitrendipine, has provided an assay
for identifying the calcium channel in membranes
and in solubilized preparations. The calcium antag-
onist receptor has been successfully solubilized
from rat brain [38], rabbit skeletal muscle trans-
verse tubule membranes [19, 20, 39], and from
guinea pig skeletal muscle [56]. Radiation inactiva-
tion studies of the nitrendipine binding site in intact
membranes indicate that it has a molecular weight
of 278,000 in smooth muscle [148], 185,000 to
210,000 in skeletal muscle and in brain [49, 109].

Solubilization
of the Calcium Antagonist Receptor from Brain

The calcium antagonist receptor from rat brain has
been prelabeled with *H-nitrendipine, which disso-
ciates very slowly at 4°C, and solubilized with digi-
tonin [38]. The rate of *H-nitrendipine dissociation
from the solubilized prelabeled receptor is en-
hanced by verapamil and slowed by diltiazem, indi-
cating that the soluble receptor contains both the
nitrendipine and the verapamil/diltiazem binding
sites [38]. The soluble receptor binds specifically to
wheat germ agglutinin, indicating that the calcium
antagonist receptor, like the sodium channel, is a
glycoprotein.

Although the calcium antagonist receptor can
be solubilized in an active form from brain mem-
branes, brain is a relatively poor starting material
for purification of the receptor. Rat brain mem-
branes contain 80 fmol of nitrendipine binding sites
per mg membrane protein [38], about one fortieth of
the concentration of voltage-sensitive sodium chan-
nels in rat brain. The molecular weight of the cal-
cium antagonist receptor, estimated by radiation in-
activation experiments, is approximately 210,000. If
one mole of receptor binds one mole of nitrendi-
pine, the specific activity of a pure preparation will
be 4760 pmol nitrendipine bound per mg of protein,
corresponding to a 60,000-fold purification from rat
brain. By contrast, transverse tubule (T-tubule)
membranes from rabbit skeletal muscle provide a
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very rich source of the calcium antagonist receptor,
containing about 10 to 20 pmol of nitrendipine bind-
ing sites per mg protein [39, 56, 83]. Some investiga-
tors have reported concentrations as high as 50
pmol of nitrendipine binding sites per mg protein in
T-tubule membrane preparations [2, 57]. Because
T-tubule membranes contain a significantly higher
concentration of the calcium antagonist receptor
than any other tissue, T-tubule membranes have
been used as the starting material for the initial puri-
fication studies described below.

Solubilization of the Calcium Antagonist Receptor
from Skeletal Muscle

Glossmann and Ferry [56] have solubilized the cal-
cium antagonist receptor from guinea pig skeletal
muscle with the detergent CHAPS. The solubilized
receptor retained reversible high-affinity dihydro-
pyridine binding, which could be allosterically mod-
ified by diltiazem. In addition, the solubilized recep-
tor retained stereospecific selectivity for optical
isomers of D-600 (a calcium antagonist related to
verapamil) and diltiazem. A purification of 17- to 40-
fold was achieved by lectin affinity chromatogra-
phy, consistent with identification of the receptor as
a glycoprotein.

The calcium antagonist receptor from skeletal
muscle T-tubule membranes has also been solubi-
lized in digitonin and purified 330-fold by Curtis and
Catterall [39]. After four purification steps, the re-
ceptor was estimated to be 41% pure with respect to
specific nitrendipine binding activity. Three poly-
peptides, separated by SDS-polyacrylamide gel
electrophoresis, comigrated with *H-nitrendipine
binding activity throughout the purification: the «
subunit (mol wt = 160,000), 8 subunit (mol wt =
53,000), and the y subunit (mol wt = 32,000). After
reduction with dithiothreitol, the apparent molecu-
lar weight of the « subunit on SDS-polyacrylamide
gels shifted to 135,000, and the molecular weights of
the B8 and vy subunits shifted to 50,000 and 33,000,
respectively. No additional subunits were detected
on gels following the reduction of disulfide bonds,
suggesting that the shift in the apparent molecular
weight of the subunit is due to the reduction of in-
tramolecular disulfide bonds. It was concluded from
these results that the calcium antagonist receptor
from rabbit T-tubule membranes consists of three
noncovalently associated subunits. The total mo-
lecular weight of a 1:1:1 complex of the a, 8 y
subunits would be consistent with the molecular
weight of 210,000 determined by target analysis.

Borsotto et al. [19] have solubilized the calcium
anatogonist receptor from T-tubule membranes,
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Table 3. Molecular size of the calcium antagonist receptor associated with the voltage-dependent

calcium channel

Membrane source Molecular weight by

target size analysis

Subunits identified by
affinity labeling

Subunits identified by
purification

Skeletal muscle 178,000 [49] 145,000 [51]
T-tubules
210,000 {109] 36,000 {83}
Cardiac sarcolemma — 32,000 23]
42,000 {74]
Brain 185,000 [50] —
210,000 {109]

130,000
50,000 {39]
32,000

142,000
33,000 (20]
32,000

and purified the receptor approximately 10-fold in
CHAPS [20]. Nitrendipine binding to the soluble
receptor was inhibited by verapamil and enhanced
by diltiazem, indicating that the coupling between
the dihydropyridine binding site and the verapamil/
diltiazem binding site remained intact, as reported
by Glossmann and Ferry [56] and Curtis and Cat-
terall [39]. The subunit composition of the partially
purified calcium antagonist receptor, analyzed by
SDS-polyacrylamide gel electrophoresis, was simi-
lar to that described by Curtis and Catterall [39],
consisting of a polypeptide with a molecular weight
of 142,000, and two smaller polypeptides with mo-
lecular weights of 32,000 and 33,000. No subunit
corresponding to the 8 subunit (mol wt 50,000) iden-
tified by Curtis and Catterall was observed.

The polypeptide composition of the calcium
antagonist receptor of the calcium channel from
T-tubule membranes, determined by partial puri-
fication of dihydropyridine binding activity, is
consistent with the molecular size determined by
target size analysis, and with the results of covalent
labeling experiments (Table 3). Ferry et al. [49] la-
beled a peptide of 145,000 with an arylazide dihy-
dropyridine derivative in guinea pig skeletal mus-
cle, which may correspond to the large subunit
identified by Curtis and Catterall [39] and Borsotto
et al. [20]. Similarly, a peptide with a molecular
weight of 32,000 has been labeled by direct photoac-
tivation of nitrendipine in cardiac membranes [23]
and by an isothiocyanate derivative of nitrendipine
[74]. This is consistent with the presence of a pep-
tide of this size in partially purified calcium antago-
nist receptor preparations.

Phosphorylation of the Calcium Antagonist
Receptor from Skeletal Muscle

Although little is known about the functions of the
calcium antagonist receptor subunits, Curtis and

Catterall [40] have shown that the 8 subunit associ-
ated with the partially purified receptor is selec-
tively phosphorylated by cAMP-dependent protein
kinase in T-tubule membranes. This is a particularly
interesting finding because there is substantial evi-
dence that calcium channel activity in cardiac cells
is modulated directly or indirectly by cAMP-depen-
dent protein phosphorylation [21, 111, 113, 114,
143, 146]. There is also evidence in perfused snail
neurons that the maintenance of calcium currents
may depend on cAMP-dependent phosphorylation
[44, 45]. The results of Curtis and Catterall suggest
that the 8 subunit of the calcium antagonist receptor
may in fact be a regulatory subunit involved in the
regulation of calcium channel function by cAMP-
dependent phosphorylation.

It is not yet known whether the purified calcium
antagonist receptor represents the entire voltage-
sensitive calcium channel. There are several lines of
evidence suggesting that the calcium antagonist re-
ceptor is either part of, or closely associated with,
the calcium channel. First, drugs that bind to the
calcium antagonist receptor either block ion perme-
ation through the channel or activate the channel.
Second, inhibition of the calcium channel by nitren-
dipine, verapamil and diltiazem is antagonized by
the permeant cations Ca?* and Ba?* [86], suggesting
that the drug binding sites are directly coupled to a
cation binding site on the channel. Moreover, high-
affinity dihydropyridine binding is directly modu-
lated by divalent cations [18, 59, 91], providing
additional evidence that the calcium antagonist
receptor is coupled to divalent cation binding sites
on the channel.

In smooth muscle [121] and in pheochromocy-
toma cells [142], the dissociation constant for la-
beled nitrendipine binding, and the total number of
binding sites, agree well with the K; for nitrendipine
binding and the estimated number of calcium chan-
nels, respectively. In other tissues, such as cardiac
muscle, the concentrations of nitrendipine required



J.A. Talvenheimo: Purification of Ion Channels

to inhibit the calcium channel are much larger than
the concentrations required to saturate the high-af-
finity nitrendipine binding sites [96, 99], leading to
some question whether the high-affinity nitrendi-
pine binding sites necessarily represent calcium
channels. Bean [14] has suggested that nitrendipine
inhibition of the calcium channel may depend on the
functional state of the channel. In the heart, nitren-
dipine appears to act selectively on the inactivated
state [14], providing a possible explanation for the
observed discrepancies between labeled nitrendi-
pine binding affinity in cardiac membrane prepara-
tions, where the channel is likely to be in the inacti-
vated state, and the concentrations required for
inhibition of calcium channel function in intact cells
[42, 129]. It should be clear that the subunit compo-
sition of the calcium channel can be unambiguously
defined only by reconstituting calcium channel
function from completely purified subunits. Using
the techniques that have been developed to recon-
stitute the voltage-dependent sodium channel, it
will be possible to determine whether the calcium
antagonist receptor is, in fact, a voltage-dependent
calcium channel.

Genetic Approaches
to the Isolation of Potassium Channels

Until recently the only practical approach to isolat-
ing ion channels was to use a specific high-affinity
ligand as a label for the channel protein in mem-
branes and in detergent-solubilized preparations.
Even when such specific ligands have been avail-
able, as for the sodium channel, this approach has
had disadvantages. With few exceptions, ion chan-
nels are present in low densities in most tissues, so
that a very high degree of purification is needed to
isolate the channel from other membrane proteins.
Methods for solubilizing the channel proteins with-
out irreversibly denaturing the ligand binding activ-
ity, and assays for the solubilized binding activity,
have to be developed on an empirical basis. Simi-
larly, methods for removing the detergent from the
purified channel and incorporating the channel into
phospholipid membranes must be devised in order
to measure physiological channel functions.

With the exception of calcium-activated potas-
sium channels [77, 94], no specific high-affinity li-
gands for any class of potassium channel have been
identified. A completely different approach, a com-
bination of genetic techniques and electrophysiol-
ogy, is being used to isolate and clone the genes for
ion channels for which there are no suitable bio-
chemical probes. This approach has been most ex-
tensively developed for identifying the gene for the
A channel, a fast transient potassium channel, in
Drosophila melanogaster [124-126, 141, 153, 154].
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Identification of the Shaker Locus in Drosophila

The locus of the A channel gene was identified by
genetic analysis of mutant flies, which were isolated
on the basis of a behavioral phenotype [80]. Flies
with mutations in this locus shake when exposed to
ether anesthesia. Jan and Jan [79] demonstrated
that transmitter release at the neuromuscular junc-
tion in flies with mutations mapped to this particular
locus, designated the ““Shaker’’ locus, is prolonged
due to prolongation of the action potential. The mu-
tation was mimicked in wild-type flies by 4-amino-
pyridine, which blocks the A channel selectively,
suggesting the defect was related to A channel func-
tion [80, 124, 126].

Salkoff [124, 125, 127] subsequently analyzed
the ionic currents in Shaker mutants by intracellular
recording and showed that the A current is either
altered or missing in these mutants, while other
ionic currents are unaffected. Three types of Shaker
mutant have been isolated: those in which A cur-
rents are completely absent, those in which the bio-
physical characteristics of the current are altered.
and a third type in which the A current is biophysi-
cally normal, but the amount of current is consider-
ably diminished compared to wild-type. All of these
mutations have been mapped genetically to the
same locus [125]. The types of mutation which have
been identified, along with several other lines of
evidence, suggest that the Shaker locus contains a
structural gene for the A channel. Other ionic cur-
rents are not altered in Shaker mutants, as might be
expected if the mutations affected a general mem-
brane property [80, 124, 126, 127]. Heterozygotes
containing both mutant and wild-type genes appear
to synthesize some normal A channels and some
mutant channels [126], suggesting the defect is not
in the biosynthetic pathway for the channel, al-
though this possibility cannot be completely ruled
out.

Cloning the Shaker Gene Product

The Shaker gene can be identified and cloned by
tagging the gene with a transposable element of
known sequence, a technique described by
Bingham et al. [17]. Transposable elements (trans-
posons) are DNA fragments capable of inserting
themselves into the genome, frequently causing mu-
tations at the site of insertion [88, 123]. A specific
transposon of known sequence, designated the P
factor, is particularly useful for these experiments,
because its frequency of transposition in Drosoph-
ila can be increased by mating certain strains of flies
[46, 122]. This increases the probability of incorpo-
rating the P factor into the Shaker locus and obtain-
ing a transposon-induced mutation that can be iden-
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tified by its phenotype. DNA fragments containing
the ‘‘tagged’” Shaker gene can be identified by hy-
bridization with labeled P factor, and the DNA on
either side of the inserted P factor can be isolated.
Then the P factor-containing DNA that maps to the
Shaker locus can be used to hybridize to the normal
Shaker gene in wild-type flies that do not contain P
factors.

Jan et al. [78] have successfully isolated P fac-
tor-induced Shaker mutants in which the mutation
in the Shaker gene can be attributed to incorpora-
tion of the transposable element. They have out-
lined two approaches to demonstrating that the
Shaker locus actually codes for the A channel pro-
tein. If the A channel consists of a single polypep-
tide subunit, the cloned Shaker DNA can be used to
isolate the appropriate mRNA for the A channel.
By injecting the isolated mRNA into oocytes, it will
be possible to demonstrate the synthesis of A chan-
nels directly using intracellular recording tech-
niques. However, if the A channel is a multi-subunit
protein and not all the subunits are encoded by the
Shaker locus (which is unlikely because all the
Shaker mutations identified have mapped to the
same location), the problem is more complex. The
sequence for the subunit coded by the Shaker locus
would have to be identified by hybridization to a
specific mRNA required for expression of A chan-
nels. Antibodies directed against the product of this
sequence could then be used to isolate the multi-
subunit complex.

Conclusion

It should be emphasized that the problem of isolat-
ing a gene for which the gene product has been
defined solely by genetic criteria is not trivial, but
this approach is potentially very powerful. Not only
does it provide a means for determining the se-
quence and structure of ion channels for which
there are no biochemical probes, but it also pro-
vides a system in which specific mutations in the
channel gene can be correlated with changes in
channel function. Although this approach is limited
to organisms that are readily manipulated by ge-
netic methods, the results of these studies should be
widely applicable. The biophysical properties of ion
channels are generally similar from one species to
another, suggesting that the structures of the chan-
nels have been highly conserved. The combination
of biochemical, biophysical and genetic techniques
will undoubtedly be exploited more fully in future
studies of ion channel structure and function.
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